In this paper, we propose a new scheme of refractive index (RI) sensing, which utilizes frequency-sensitive responses of 2-D photonic crystals. Specifically, the 2-D photonics crystals consist of dielectric rods arranged in rectangular lattice and support frequencysensitive supercollimation (SC). Small changes in ambient RI are sensed by measuring transmission rate of a narrow spectral source. This RI sensing scheme exploits the sensitive dispersion properties around the SC frequency: Both reflection and beam diffraction are enhanced in response to a slight increase of ambient RI. Operation and performance of the transmissive RI sensing are demonstrated by finite-difference time-domain (FDTD) simulations. The major advantage of our design is that all the essential components can be compactly integrated, which makes it attractive for a number of applications, such as hand-held equipment and distributed sensor networks.
Introduction
Refractive index (RI) sensors, which transduce small RI changes into observable optical signals, are useful for many applications, such as bio-chemical analysis and environmental monitoring [1] - [3] . Most of the high performance RI sensors are based on micro-cavities supporting high-Q resonant Fig. 1 . Schematics of the transmissive RI sensing. A narrow spectral source is normally launched into a PhC consisting of dielectric rods arranged in rectangular lattice, and the central part of the transmitted light energy is received by a detector. When the ambient RI n bg = 1.000, the light beam is collimated inside the PhC. With small increase of n bg , both diffraction and reflection are enhanced, thus resulting in significant reduction in light energy received by the detector. (a) n bg = 1.000. (b) n bg > 1.000.
modes, and variations of RI within the cavity area are determined by measuring shifts of the resonant frequencies [4] - [7] . However, it is worth noting that although the micro-cavities can be fabricated in a chip with minimum sizes, the optical spectrum analyzers (OSAs) used to track movements of the resonant frequencies are bulky and expensive, thus making these resonant RI sensor unsuitable in some applications, such as handheld equipments and distributed sensor networks.
In this paper, we propose an alternative scheme of RI sensing based on frequency-sensitive responses of defect-free photonic crystals (PhCs), in which small variations of ambient RI are sensed by measuring transmission of a narrow spectral light source. Specifically, the frequency-sensitive responses we make use of arise from the frequency-sensitive supercollimation (FSSC) phenomenon [8] - [10] supported by 2-D rectangular lattice PhCs consisting of dielectric rods. FSSC means that around the flat equi-frequency-contour (EFC) representing supercollimation (or self-collimation, both short for SC) [11] - [14] , EFC curvature changes dramatically with respect to frequency due to small group velocities [8] . The basic setup of the transmissive RI sensing is schematically shown in Fig. 1 . A narrow spectral source with central frequency around the SC frequency is normally launched into the PhC. With small increases of ambient RI n bg , both reflection and diffraction (transversally broadness) are enhanced due to enlarged EFC curvature and reduced group velocity, respectively, which together result in significantly reduction in transmitted light energy received by the detector of finite spatial extent. Therefore small variations of n bg can be determined by measuring the transmitted light energy. By avoiding using the bulky OSAs, all the essential components in our transmissive RI sensing scheme can be compactly integrated. Moreover, the measurement of light energy is much faster than tracking the movement of resonant frequencies.
The organization of this article is as follows. In Section 2, we validate our design by analyzing variations of the dispersion properties around the SC frequency in response to small changes of ambient RI. In Section 3, we demonstrate operation and performance of the transmissive RI sensing by finite-difference time-domain (FDTD) simulations. In Section 4, we discuss the influence of weak disorder of the PhC to performance of the transmissive RI sensing.
Principle of the Transmissive RI Sensing
We first analyze variations of the dispersion properties around the SC frequency in response to small variations of ambient RI. The 2-D PhC we consider consists of dielectric rods arranged in rectangular lattice [see the inset of Fig. 2(b) ]. Radius of the rods is r = 0.35a and the aspect ratio of the rectangular lattice is β = b/a = 2.0, where a and b are lattice units in x and y direction, respectively. RI of the dielectric material is n = 3.4. RI in space between the rods is denoted as n bg . Dispersion relations ω(k) of the PhC are computed using FDTD simulations with Bloch boundary conditions [15] , [16] . Fig. 2(a) shows the characteristic EFC distribution of FSSC in the second TE (electric field in xy plane) band when n bg = 1.000. SC is represented by the flat EFC line corresponding to ω 0 = 0.3455(2πc/a); with the flat EFC, light of frequency ω 0 is collimated along x direction inside the PhC [11] , [12] . Around the flat EFC, the EFCs with small frequency differences (approximately ±0.015ω 0 ) are curved around the k x axis, thus indicating the SC is very sensitive to frequency changes [8] .
The fact that SC is frequency sensitive also indicates that dispersion properties around the SC frequency is sensitive to RI changes. Here, we pay special attention to the center point of the ω 0 EFC S 0 . Group velocity and EFC curvature at the S 0 point are calculated according to [10] , [17] 
and
Tendencies of the EFC curvature κ 0 and the group velocity ν g0 with respect to n bg are show in Fig. 2(d) and (e), respectively. As can be seen, when n bg changes from 1.000 to 1.050, κ 0 increases from 0 to 6.7(a/2π), and ν g0 decreases from 0.16c to 0.09c, where c is the speed of light in a vacuum.
Implications of increasing κ 0 and of decreasing ν g0 to light propagation are explained as follows. For a light beam launched in x direction and of frequency ω 0 , the EFC curvature κ 0 determines beam diffraction (transversal broadness). Zero κ 0 means beam diffraction is totally suppressed, i.e., beam width is frozen when propagating inside the PhC. With κ 0 > 0, the beam expands transversally during propagation inside the PhC. On the other hand, the decreasing group velocity ν g0 not only slows down the speed of light propagation inside the PhC but also enhances reflection on the boundaries of the PhC due to more severe impedance mismatching [18] - [20] .
The above analysis validates the principle of our RI sensing scheme shown in Fig. 1 . For a narrow spectral source with central frequency of ω 0 and launched in x direction, which couples to a small region around the S 0 point, both reflection and diffraction are enhanced with small increases of n bg , and the transmitted light energy received by the detector is reduced as a result. Due to the monotonous relation between n bg and the transmitted light received by the detector, an unknown n bg can be determined by measuring the transmitted light after a calibrating process.
Operation and Performance of the Transmissive RI Sensing
We next demonstrate operation and performance of the transmissive RI sensing based on FSSC by FDTD simulations. The size of the PhC is 100a × 100b. A narrow-spectral pulsed source with finite spatial extent is launched from the left side of the PhC, which is defined by H z (z component of magnetic field) distribution 10a from the left side of the PhC:
where W 0 = 36a is the initial spatial width of the incident pulse, and τ 0 = 200(a/c) is the temporal width of the pulse. The detector used to receive central part of the transmitted light energy is placed 10a from the right side of the PhC, with the width denoted as W d . Simulations are repeated for n bg from 1.000 to 1.050 in step of 0.005. During each simulation, we record electromagnetic fields on the detector plane at every time step. These data are then used to analyze time evolutions, spectra, and spatial distributions of the transmitted light energy. Fig. 3(a) shows time evolutions of accumulated transmitted light energy integrated over the whole detector plane, in which we can see that the incident pulse experiences a multi-reflection process before totally transmitting though the PhC. The interval between two neighboring rises of the time-accumulated transmitted energy corresponds to the time needed for the pulse to travel a round-trip inside the PhC. As can be seen in Fig. 3(a) , the time-accumulated transmitted energy become stable within several round-trips, indicating the incident pulse totally transmits through the PhC within a very short time. Fig. 3(b) shows spectra of the total transmitted energy for different values of n bg . The spectrum of the incident pulse is also provided for comparison. Due to the multiple-reflection process, there are a bunch of fringes in the transmission spectra caused by Fabry-Perot (FP) interference. Spectral distances of the neighboring fringes (known as free spectral ranges) for larger n bg are narrower due to reduced group velocities [21] . Previously, it was demonstrated that RI changes can be sensed by monitoring variations of free spectral ranges [22] . However, such method requires precise analysis of the transmission spectra, and the use of bulky and expensive OSAs is required. On the other hand, although single-frequency transmission rates are strongly modulated by the FP fringes, the multifrequency transmitted energy integrated over several free spectral ranges changes monotonically and smoothly with respect to n bg , as will be shown latter.
The effects of simultaneously enhanced diffraction and reflection with increasing n bg can be seen in the spatial distributions of transmitted light energy, as shown in Fig. 3(c) . With increase of n bg , the total transmitted energy is reduced as a result of enhanced reflection, and the spatial distribution becomes flatter due to enhanced diffraction. These results verify our analysis of the dispersion properties around the S 0 point.
We next analyze the relation between n bg and transmitted energy received by the detector. Three different detector widths are supposed: W d = 0.5W 0 , W d = 1.0W 0 , and W d = 2.0W 0 , where W 0 = 36a is the initial spatial width of the incident pulse. As shown by Fig. 3(d) , for all the three cases, energy received by the detector drops monotonically and smoothly as n bg increases from 1.000 to 1.050. Therefore n bg ∈ [1.000, 1.050] can be uniquely determined by measuring the transmitted light energy. Data shown in Fig. 3(d) are normalized by total energy of the pulsed source. Compared to the corresponding values when n bg = 1.000, energy received by the detector when n bg = 1.050 reduced by 76% for W d = 0.5W 0 , by 72% for W d = 1.0W 0 , and by 59% for W d = 2.0W 0 . The different relative sensitivities of received energy with respect to n bg is attributed to different contributions of diffraction: diffraction means that light energy spreads transversally, and reduction in received transmitted energy due to enhanced diffraction is more significant for narrower detector width. Resolution of the transmissive RI sensing (minimum detectable n bg ) is determined by a number of factors, including slope of the characteristic line (relation between n bg and transmitted energy received by the detector), intensity and stability of the narrow spectral source, and accuracy of the measurement of light energy. For example, for the case of W d = 1.0W 0 , suppose that the uncertainty due to source instability and light energy measurement is 0.1% of the total launched energy; then, the minimum detectable n bg is estimated to be 3.8 × 10 −3 RIU.
Influence of Weak Disorder of the PhC
We finally discuss influence of weak disorder of the PhC to performance of the transmissive RI sensing. In the above, we suppose that the PhC is composed by dielectric rods with uniform size and arranged in perfectly periodic lattice. However, some amount of weak disorder due to fabrication inaccuracy is inevitable for real PhCs. It is therefore of importance to discuss how the inherently weak disorder imposed to the PhC influences performance of the transmissive RI sensing. We assume that weak disorder of the PhC is solely attributed to small randomness of radii of the dielectric rods r . This assumption is justified by the fact that patterns of PhCs can precisely defined by interference lithography, while actual shapes of the unit cells may deviate from the design in fabricating process [23] - [25] . Deviations of rod shape from circular are omitted for simplicity of discussion. Here we consider three configurations with different magnitudes of randomness. Rootmean-square of r for these configurations are r rms = 5.0 × 10 −4 a, r rms = 1.0 × 10 −3 a, and r rms = 2.0 × 10 −3 a. In Fig. 4(a) , we compare the spatial distributions of transmitted energy of the weakly disordered PhCs to that of the periodic PhC when n bg = 1.025. For the weakly disordered PhCs, we can , however, values of the received light energy deviate obviously from those of the periodic PhC. Such deviation means the performance of RI sensing is severely degraded, as the multiple random scattering imposes significant uncertainty in the relation between n bg and light energy received by the detector. Therefore, we assert that weak disorder imposed to the PhC influences performance of the transmissive RI sensing in a "threshold" manner: There exists a critical degree of disorder below which performance of the transmissive RI sensing is robust against random multiple scattering caused by disorder.
Conclusion
In conclusion, we numerically show that by utilizing FSSC supported by 2D PhCs consisting of dielectric rods, small changes of ambient RI can be sensed by measuring transmitted energy of a narrow spectral source. Our transmissive RI sensing scheme exploits the frequency-sensitive response around the SC frequency. Both diffraction and reflection are enhanced in response to small increases of ambient RI, and the transmitted light energy received by a detector with spatial extent comparable to the source width is significantly reduced as a result. For the specific configuration of photonic crystals we consider in this article, the received light energy drops by more than 50% when the ambient RI changes from 1.000 to 1.050. As revealed in our previous work [8] , frequency sensitivity of SC can be tuned over a wide range. Therefore, sensitivity and measurable range of the transmissive RI sensing can be changed by adjusting parameters of the PhC. Narrow spectral source are used in the purpose of smoothing out the spectral fringes caused by FP interference. In our FDTD simulations, we assume the narrow spectral source to be a pulse with a approximately 1% spectral width with respect to the central frequency. It is worth noting that, however, use of pulsed laser sources is not necessary. Practically, the pulsed source can be replaced by a more compact superluminescent diode [26] , which emits continuous light over a narrow spectral range, and small changes of ambient RI can be sensed by measuring the stable transmitted intensity instead of time-accumulated transmitted energy. We also note that for real applications, the 2-D PhC, which is a simplified theoretical model composed by infinitely long dielectric rods, should be replaced by a PhC slab consisting of dielectric rods of finite thickness and supported by low index substrate. In that case, all the essential components required to implement the transmissive RI sensing can be compactly integrated, thus making our design attractive for handheld equipment and distributed sensor networks.
